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This study reveals the influence of the surface energy and solid/liquid boundary condition on the
breakup mechanism of dewetting ultra-thin polymer films. Using silane self-assembled monolayers,
SiO2 substrates are rendered hydrophobic and provide a strong slip rather than a no-slip solid/liquid
boundary condition. On undergoing these changes, the thin-film breakup morphology changes dra-
matically – from a spinodal mechanism to a breakup which is governed by nucleation and growth.
The experiments reveal a dependence of the hole density on film thickness and temperature. The
combination of lowered surface energy and hydrodynamic slip brings the studied system closer to
the conditions encountered in bursting unsupported films. As for unsupported polymer films, a
critical nucleus size is inferred from a free energy model. This critical nucleus size is supported by
the film breakup observed in the experiments using high speed in situ atomic force microscopy.
From the simplest solid, liquid and vapor phases, to ex-
otic condensed matter systems, equilibrium phases and
phase transitions, along with their dynamics, make up
an essential part of the fundamental description of many
systems [1, 2]. This statement is also valid for nano-
metric liquid films on solid substrates. Thin films can
be described through an effective interface potential [3–
9], φ(h), in which φ is the energy per unit area, and
h(x, y) is the local film height. The free energy is then
a functional [6–9], F [φ(h), h], of the film height distri-
bution. Depending on the effective interface potential, a
flat film with h = h0 everywhere, may be in stable equi-
librium or susceptible to breakup [2, 10, 11, 13]. When,
as considered in this work, it is energetically preferred for
the liquid to phase separate into regions of differing film
thickness, the morphology of the phase separated regions
gives crucial information on the breakup mechanism.
Two dewetting mechanisms can be observed in ex-
periments on SiO2 substrates. One is nucleated dewet-
ting [2, 11], which can be subdivided into heterogeneous
and homogeneous (or thermal) nucleation. For hetero-
geneous nucleation, an external stimulus like a local to-
pographical defect or chemical heterogeneity leads to the
breakup; thermal nucleation in supported polymer films
has only rarely been observed [4, 5]. The second mech-
anism, which occurs spontaneously, is called spinodal
dewetting [4, 7, 14, 16]. In a spinodally dewetting film,
capillary waves at the liquid/air interface are amplified by
van der Waals (vdW) interactions between the air/liquid
interface and the liquid/substrate interface. When the
amplitude of the fastest growing capillary wave reaches
the film thickness, holes are created in the film. The
dominant rupture mechanism depends on various experi-
mental parameters [5]; namely, the thickness of the liquid
film and the substrate properties, including the surface
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energy and vdW interactions between film/air interface
and the full depth profile of the substrate [4, 5, 17]. A
polystyrene (PS) film on a pure Si substrate is stable, for
example. If a SiO2 layer is added, the film becomes un-
stable to nucleated dewetting or spinodal rupture [4, 5].
Removing the substrate entirely, thereby creating an
unsupported film, another system that is unstable to rup-
ture can be studied [18–22]. As with certain supported
films, the interfaces on either side of an unsupported film
are attractive [17]. These unsupported films are thus
in principle susceptible to spontaneous rupture, but are
observed to rupture via nucleation only. The nucleated
breakup of freestanding films can occur through a de-
fect as was studied by Debregeas and coworkers [18] and
others [19, 20], or may occur via a random nucleation
event [21, 22]. In the random nucleation case, fluctua-
tions of the liquid film lead to the formation of holes. In
contrast to spinodal dewetting, vdW interactions are not
the dominant driving force for this process. The liquid
film can instead be treated as an energy barrier: bend-
ing the surface introduces excess area and results in an
energetic cost that may be overcome by random thermal
fluctuations [21].
Here, we make a connection between the breakup of
unsupported and supported thin films by taking advan-
tage of hydrodynamic slip. Slip refers to the relative
motion between molecules in the fluid and the substrate
at the solid/liquid interface, and is characterized by a
slip length, b. In Navier’s linear slip model, b is de-
fined through u|z=0 = b∂zu|z=0 where u is the horizon-
tal component of the fluid velocity and z is the vertical
coordinate. SiO2 substrates support no slip in dewet-
ting experiments [4, 5]. Meanwhile, an unsupported film
provides a diverging slip length since the air/liquid in-
terface can support no shear stress; a plug flow is ob-
served [18]. Solid substrates have been shown to support
interfacial slip of polymeric liquids if decorated with hy-
drophobic surface coatings such as self-assembled mono-
layers (SAMs) [23–25] or amorphous fluoropolymer coat-
ings [26]. Slip lengths depend on the molecular weight
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2FIG. 1. a) - f) AFM topography images of ultra-thin dewet-
ting polymer films, on DTS with undisturbed film thickness
h0 = 5.3(3) nm (top row) and on SiO2 with h0 = 6.0(3) nm
(bottom row). From a) to c) and d) to f), the height
scales, hmax, are 2, 6 and 10 nm. The spinodal wavelengths,
λs ≈ 800 nm, predicted from [3, 4] are shown in the middle
column for both substrates. The inset of f) shows c) at the
same scale. g) A comparison of the hole density ρ as a func-
tion of dewetted area Σ for PS films dewetting from DTS and
SiO2 shown in a) - f).
of the polymer and on the specific coating applied [26].
Thus, using the right combination of polymer and coat-
ing, slip lengths in the range of microns for polymer films
with thicknesses h0 < 10 nm can be achieved. Since here
b/h0  1, we reach a situation that can be assumed as
nearly plug flow, thus bridging the gap between unsup-
ported and supported films.
In this work, we present two systems that are nom-
inally susceptible to spinodal dewetting. The first is a
polymer film on a silicon wafer with thermally oxidzed
layer. The second system is an identical polymer film on
an identical wafer, additionally covered with a hydropho-
bic SAM. Models used to describe the spinodal decom-
position on no-slip substrates [4, 7] have been extended
to strong slip systems by Rauscher and co-workers [27].
With regard to the second system studied here, the no-
slip theory [4, 7] predicts that spinodal decomposition
of thin PS films may occur, even in cases of strong slip.
However, our experimental observations are incompati-
ble with this prediction. Rather, the experimental re-
sults provide evidence of a random nucleation process.
Thus, in the situation of a film that combines charac-
teristics of the free-standing case (i.e. large slip), with
those of a solid support containing energetics promoting
spinodal instability, the actual breakup observed is that
of a free-standing film.
As a dewetting liquid, polystyrene with a molecular
weight of 4.2 kg/mol (PSS, Mainz, Germany) was used.
The films with thicknesses 4 nm . h0 . 7 nm were sup-
ported on the two types of substrates. The first exhibits
a 150 nm SiO2 layer at the top of a Si wafer (Si-Mat,
Kaufering, Germany), which we refer to as the SiO2
substrate. To change the solid/liquid boundary condi-
tion as well as the surface energy, the second type ad-
ditionally incorporated a SAM composed of alkylsilane
molecules (dodecyltrichlorosilane, DTS, Sigma-Aldrich,
Darmstadt, Germany) with b ≈ 500 nm h0 [23, 24][28].
As described in detail elsewhere [29], the RMS surface
roughness of a DTS coated SiO2-substrate is identical to
a bare one (approx. 0.2 nm), while providing a surface
energy γDTS = 26(1) mJ/m
2 and leading to an equilib-
rium contact angle θY = 66(2)
◦ for PS. For details see
Ref. [29]. PS was spincast from toluene (chromatography
grade, Merck, Darmstadt, Germany) onto a mica sheet
(V2 Grade, PLANO GmbH, Wetzlar, Germany) and then
annealed at 80 ◦C (> Tg ≈ 75 ◦C [30]) for 1 h to release
residual stress and solvent. After annealing, the films
were floated onto an ultra pure water bath (18.2 MΩ cm,
total carbon content < 6 ppb, TKA-GenPure, TKA
Wasseraufbereitungssysteme GmbH, Braunschweig, Ger-
many), and then transferred to the substrates. By
mounting several wafers on a glass slide, it was possible
to cover them simultaneously from one PS film, ensuring
identical film thickness on multiple samples.
The experiments were performed using in situ high
speed atomic force microscopy with scan areas be-
tween 1.5× 1.5µm2 and 20× 20µm2 (AFM, Dimension
FastScan featuring a Dimension heater with Fastscan-
A tips, Bruker, Karlsruhe, Germany) [31]. While a de-
tailed study of the temperature dependence is not the
subject of this article, we note that in all cases the
ultra-thin films on DTS dewetted at temperatures be-
low bulk Tg; experimentation at these low temperatures,
55◦C ≤ T ≤ 65 ◦C which are significantly less than bulk
Tg, was required to enable observation of the dewetting
on accessible timescales (tens of minutes). These obser-
vations are consistent with dewetting of ultra-thin films
on SiO2 substrates observed previously [4, 32–34].
A comparison between the dewetting process of PS
films on a hydrophobic DTS substrate and a hydrophilic
SiO2 substrate is depicted in Fig. 1. The films exhibit
an almost identical film thickness (on SiO2: 6.0(3) nm,
on DTS: 5.3(3) nm). Effective interface potentials can
be computed according to the layer model developed in
Refs. [3, 4] and applied to the DTS coated or uncoated
SiO2 substrates. The effective interface potential is ap-
proximated [4, 8–10] by
φ(h) = C/h8 −A/(12pih2) . (1)
The Hamaker coefficient, A = 2.05 × 10−20 J, is taken
as that for the air/PS/SiO2 [35] system for both cases
since the optical index of refraction of DTS is nearly
identical to that of SiO2 [5, 17, 29, 36]. C is cho-
sen to obtain the appropriate contact angle through
φ(hmin) = σ(1 − cos θY) [4, 5, 13], where hmin is the
3FIG. 2. Hole densities observed on DTS as a function of
dewetted area for a) different dewetting temperatures and
thickness of 4.5(3) nm and b) films of different thickness; all
dewetted at 55 ◦C, except for the thickest film for which it
was necessary to increase the temperature to 65 ◦C in order
to observe dewetting.
film thickness at which φ reaches a global minimum
and σ is the polymer/air surface tension. While A for
SiO2 and DTS are similar, C for the two substrates
vary substantially with CSiO2 = 6.3(1)×10−22 J nm6 and
CDTS = 8.2(1)× 10−26 J nm6. In the absence of slip, the
expected spinodal wavelengths on both substrates are at
least 800 nm, which were calculated as in Ref. [4] (see
Supplementary Material Figs. S1 and S2). As shown
in Fig. 1, we find that the typical hole-to-hole distances
in the PS film on the bare SiO2 substrate (lower row)
are consistent with this prediction; further evidence for
spinodal dewetting as the mechanism for dewetting from
SiO2 is provided in the Supplementary Material, Figs. S3
and S4. The spatial structures in the PS film on DTS (up-
per row), however, are incompatible with the this spin-
odal breakup scenario, since the distance between hole
nuclei is much less than the expected distance.
Hole densities ρ = N/L2 with N the number of holes
observed in AFM images (scan area L2) for both types
of substrates are compared in Fig. 1g). The hole densi-
ties are plotted as a function of the fractional dewetted
area Σ, thereby taking into account the enhanced dewet-
ting dynamics on DTS due to the presence of slip. As
such, effects of different temperatures and boundary con-
ditions can be excluded [37]. At low hole radii and for
early times, hole densities increase as nucleation events
occur. After nucleation, hole growth proceeds and the
dewetted area increases while holes continue to nucle-
ate in undewetted areas. At large hole radii, coalescence
of holes begins and the densities decrease after reaching
a maximum. As described above, the typical hole-to-
hole distance as depicted in Fig. 1 is consistent with the
spinodal wavelength inferred from the effective interface
potential [4, 7]. Rauscher et al. [27] predicted that the
presence of strong slip (b  h0) would lead to an en-
largement of the expected spinodal wavelength, resulting
in a decreased hole density. However, the hole densities
observed on the DTS substrates are three orders of mag-
nitude higher than those seen on SiO2.
A higher hole density (that is, a smaller typical hole-to-
hole distance) does not necessarily exclude a spinodal de-
composition of the film. Since holes that originate from a
spinodal dewetting process are correlated [2, 3], spinodal
dewetting is not compatible with a random distribution
of holes. In order to check for correlations between ob-
jects in a space, Minkowski functional analysis [5, 6, 41]
has been applied. The Minkowski functionals, which are
shown for both SiO2 and DTS in the Supplementary Ma-
terial, unambiguously exclude spinodal dewetting as the
underlying rupture mechanism, and instead prove that
the breakup mechanism for films on DTS is a random
nucleation process.
To explore the nature of the hole nucleation mecha-
nism of ultra-thin liquid films dewetting from DTS, the
influence of the film thickness and dewetting tempera-
ture were investigated. In Fig. 2a) the hole density is
plotted as a function of dewetted area for films of iden-
tical thickness, but different temperatures; an increase
in temperature leads to higher maximum hole density.
Fig. 2b) shows that a thinner film also leads to a higher
maximum hole density. In the context of a random nucle-
ation mechanism, both a higher temperature and thinner
film are expected to lead to a higher probability of a nu-
cleation event.
In Fig. 3a) we show AFM height profiles following the
nucleation of a hole in a PS film on DTS. At about 20
FIG. 3. a) In situ observation of the nucleation of a hole in
a PS film with h0 = 5.2(3) nm on DTS (cf. Fig. 1). The
legend indicates the time, in minutes, of annealing at 55 ◦C.
b) Critical radii for the films represented in Fig. 2b); vertical
errors represent the statistical distribution of Rc measured in
the experiments. The insets show a) schematic depiction of
a hole nucleus as modelled in the text and b) predictions for
∆F/σ (1 < h0 < 10 nm, increment 1 nm), from which critical
radii, Rc, are obtained.
4minutes of annealing, the air/liquid interface makes con-
tact with the substrate, at which time we consider the nu-
cleation event to have taken place with a nucleus (that is,
an interface profile, hnuc(r)) in the shape of a cone. Con-
sistent with the ensuing flow following nucleation, this
observed cone geometry in Fig. 3a) corresponds with a
contact angle arctan(h0/R) = 14
◦  θY = 66(2) ◦ [29]; a
lower than equilibrium contact angle leads to a receding
contact line and the hole begins to grow. We also note
the buildup of a monotonically decaying rim (cf. Fig. 3a)
at 38 min) which is a signature of a strong slip bound-
ary condition [23, 26], i.e. b h0. The monotonicity of
the rim precedes the formation of satellite holes [7] which
would be observed for no-slip dewetting characterized by
oscillatory height profiles [23, 26]. Thus, the slip bound-
ary condition is a necessary condition to observe these
morphologies reminiscent of unsupported films.
To model the hole nucleation process, we assume an
idealized conical profile: hnuc(r) = hmin + rR
−1(h0 −
hmin). Here, r is the radial coordinate and R is the radius
of the hole at the undisturbed film thickness. The inset
of Fig. 3a) shows a schematic representation and variable
definitions. The excess free energy of such a cone can be
written as the sum of two contributions:
∆F [φ(h), h] = ∆Fsurf + ∆FvdW , (2)
where the excess area
∆Fsurf/σ = piR
√
R2 + (h0 − hmin)2 − piR2 , (3)
is the surface contribution, and the surface tension is σ =
0.038 J/m2 [42] at the temperatures investigated here.
Since the films are only some nanometers thick, a vdW
contribution is necessary and is expressed as
∆FvdW = 2pi
∫ R
0
dr rφ(hnuc(r))− piR2φ(h0) . (4)
With φ defined as in Eq. 1, we find that ∆FvdW =
−cvdWR2, where cvdW(h0, C,A) is a positive constant de-
pending on the details of the profile hnuc(r) and effective
interface potential. Here we use CDTS and A defined
below Eq. 1.
In general, ∆Fsurf is positive, obtaining a plateau for
R/(h0 − hmin)  1, while ∆FvdW is, for the mono-
tonically increasing φ(h) presented here, negative (n.b.
h ≥ hmin). As such, the free energy model of Eq. 2 pre-
dicts free energy profiles, shown in the inset of Fig. 3 for
1 ≤ h0 ≤ 10 nm; plots of the individual components are
found in the Supplementary Material. The global max-
ima define a critical radius, Rc, beyond which the cone
grows. Rc can also be obtained from the the observa-
tion of hole formation in the AFM measurements (e.g.
at 20 min in Fig. 3a)). These Rc obtained from at least
25 holes for a given film, are shown in Fig. 3b). The ex-
perimental data is consistent with the predictions of the
model developed from Eq. 2 with no free parameters.
While the experimental data and model presented in
Fig. 3b) are consistent, the associated energy barriers
are larger than the available thermal energy (kT/σ ≈
0.1 nm2 < ∆F (h0 = 5 nm, Rc)/σ ≈ 35 nm2), yet are
comparable to the nuclei energies predicted for unsup-
ported films [21, 22]. We may thus consider certain het-
erogeneities to aid in the nucleation process. For hetero-
geneous nucleation due to dust contamination, holes typ-
ically appear with a monodisperse size distribution [4, 5];
by contrast, Fig. 1b) shows PS dewetting from DTS with
a broad distribution of hole sizes and Figs. 2a) and b)
show a continuous appearance of holes. Furthermore, in
previous supported film studies [4, 5], in a majority of the
hole centers a nucleus could be clearly identified. Yet for
dust-free thin films with typical nanometric dimensions
as studied here and elsewhere [21, 22], no nuclei in the
form of dust particles can be observed in either experi-
ment (optical resolution in refs. [21, 22], and pixel sizes
as small as 1.5 nm in the AFM measurements here). Here
we propose as in [2] that heterogeneities in the form of
free volume (voids), on the scale of several angstroms [43–
45], may overlap in rare instances to aid in the nucleation
of a hole. A detailed statistical analysis of such events is
beyond the scope of the present article, yet we hope that
future efforts may elucidate the possible role of such pro-
cesses. Regardless of the important distinction between
heterogeneous and homogeneous nucleation, we reiterate
that the same film on two different substrates (i.e. SiO2
and DTS) breaks up on different time scales and with
a completely different mechanism, despite their similar
energetics at the undisturbed film thicknesses.
In conclusion, we have studied dewetting polystyrene
films with thicknesses 4 nm . h0 . 7 nm on hydrophilic
and hydrophobic substrates. In agreement with previous
studies, dewetting from the hydrophilic substrates pro-
ceeds via spinodal decomposition, i.e. through the ampli-
fication of capillary waves. The lower-energy hydropho-
bic substrates provide a slip boundary condition at the
solid/liquid interface, thus bridging the gap between sup-
ported film breakup and the bursting of unsupported
films. Consistent with previous findings, but here for
hydrophobic substrates, we observe a sub-Tg dynamics
that is much faster than observed for no-slip substrates.
The governing breakup mechanism is also different. We
provide evidence that the films, which are nominally sus-
ceptible to spinodal decomposition, breakup through a
nucleation mechanism if supported by slippery hydropho-
bic substrates, which is instead consistent with the be-
haviour observed in unsupported films providing a full
slip boundary condition and no substrate surface energy.
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6SUPPLEMENTARY MATERIAL FOR:
NUCLEATED DEWETTING IN SUPPORTED
ULTRA-THIN LIQUID FILMS WITH
HYDRODYNAMIC SLIP
Effective Interface Potential and Spinodal
Wavelength
FIG. S1. Effective interface potentials, φ, for PS on a DTS
coated SiO2 wafer and for PS on a SiO2 wafer. For clarity φ
for the latter has been multiplied by ten. We have made use
of CDTS = 8.2 × 10−26 J/nm6, CSiO2 = 6.3 × 10−22 J/nm6,
and A = 2.05× 10−20 J, as well as Eq. 1 of the main text.
FIG. S2. Spinodal wavelengths predicted using λS =√−8pi2σ/φ′′ and the effective interface potentials of Fig. S1
and σ = 0.038 J/m2. We note that the predicted spinodal
wavelengths do not significantly differ for h0 > 3 nm for the
two cases considered here.
A. Minkowski Measures; Power Spectral Densities
Different methods are suitable to analyze correlations
in point patterns, in our case, Minkowski measures have
shown to be extremely convenient, since they are able to
FIG. S3. a) Schematic depiction of the procedure for deter-
mining the Euler characteristic, χ: hole centers are identi-
fied, and disks of variable radius r are placed at each center.
As the radius of each circle grows, fewer and fewer indepen-
dent objects cover the plane, thus reducing χ. b) Statistical
distribution of holes revealed by the normalized χ, for films
at a similar dewetted area (symbols), and the theoretical
prediction for uncorrelated holes (line) with no fitting pa-
rameter.
FIG. S4. Power spectral densities (PSD) of three sequential
in situ AFM images (inset, horizontal scan size 5 × 5µm2,
vertical scale 1.8 nm), for a 6 nm PS film dewetting from
SiO2, taken at 115
◦C with 36 min ≤ t ≤ 43 min. The po-
sitions of the maxima of the three curves coincide and cor-
respond very well with the expected spinodal wavelength
predicted using the effective interface potential shown in
Fig. S1.
find not only two-point correlations (like a Fourier trans-
formation oder a pair correlation function g(r)), but also
capture higher-order correlations [1]. In the very same
way as in earlier studies, we have analyzed the statis-
tical distribution of the hole sites by Minkowski mea-
sures [2, 3]. In two dimensions (like for our point set
of hole sites), three Minkowski measures completely de-
scribe the distribution and there are analytical descrip-
tions of what to expect for a random (Poissonian) set of
sites. This is the clear strength of Minkowski measures,
a random process can unambiguously be detected ana-
lytically. Deviations of that expectation then show that
the hole sites are correlated.
7One Minkowski measure is the Euler characteristic, χ,
which quantifies the connectivity of a distribution of ob-
jects – in this case the distribution and connectivity of
the holes seen in Fig. 1. χ is computed by placing disks of
radius r at the center of every hole (see Fig. S3a)), and
is thereby only a function of the number of holes and
the disk radius, χ = χ(r,N). It is also possible to an-
alytically calculate χ for a Poisson distribution of holes,
as described in Refs. [4–6]. Fig. S3b) depicts the Euler
characteristic of the experiments shown on Fig. 1 and
that obtained by the theory for a Poisson distribution
(eq. 24 in [5]):
χ(r) = piρ(1− pir2ρ)e−pir2ρ , (S5)
where ρ is the number density of disks, easily accessed
from the experimental data. The prediction of the Pois-
son distribution, a universial curve in the normalized rep-
resentation of Fig. S3b), is not followed by the hole for-
mation of spinodally dewetting films, as seen in [3, 7]
and confirmed here for the liquid films on the bare SiO2
substrate; the power spectral densities of Fig. S4 show
furthermore a well defined peak at the expected spin-
odal wavelength, giving further evidence for the spin-
odal mechanism governing the film breakup on SiO2 sub-
strates. In contrast, the Euler characteristic for dewet-
ting films on DTS is well captured by the uncorrelated
random distribution, which proves that the dewetting
process on DTS cannot originate from a spinodal pro-
cess.
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8FIG. S5. Representation of the van der Waals contribution
to the free energy, ∆Fvdw as computed from Eqs. (1) and
(4). The slope of the curves in this log-log representation
confirms the relation ∆FvdW = −cvdWR2. n.b. the minus
sign on the vertical axis allowing for a log representation.
The arrow points in the direction of increasing h0.
FIG. S6. Representation of the capillary contribution to
the free energy, ∆Fsurf/(piσ) in Eqs. (2) and (3). The arrow
points in the direction of increasing h0.
